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(54) Cartillage tissue engineering 

(57) The invention relates to the use of a biodegrad- 
able, biocompatible porous matrix as a scaffbid for tis- 
sue engineering cartilage, which matrix is formed of a 
copolymer of a polyalkylene glycol and an aromatic pol- 
yester. 
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Description 

[0001 ] The invention relates to a scaffold for use in 
a metliod of tissue engineering cartilage. 
[0002] The Inability of articular cartilage for self- 
repair is a major problem In the treatment of patients 
who have their joints damaged by traumatic injury or 
suffer from degenerative conditions, such as arthritis or 
osteoarthritis. Examples of currently employed treat- 
ments include subchondral drilling and abrasron. How- 
ever, these treatments are hardly effective in the tong 
term, as they do not promote formatron of new or 
replacement cartilage tissue, or cartilage-like tissue. 
Instead, these treatments lead to scar or fibrous tissue, 
whieh eanm viflthitahd jdiht Ibaaihg ih the long term. 
Thus, although the condition of patients treated by using 
these conventional techniques initially improves, even- 
tually it will deteriorate, possibly leading to osteoarthri- 
tis. 

[0003] Another therapy conventionally relied on for 
treating loss of cartilage is replacement with a pros- 
thetic material, such as silicone for cosmetic repairs, or 
metal alloys for joint relinement. Placement of prosthe- 
ses is commonly associated with significant loss of 
underlying tissue and bone without recovery of the full 
functton allowed by the original cartilage, as well as the 
irritating presence of a foreign body. Other long term 
problems associated with a permanent foreign body can 
include infection, erosion and instability 
[0004] Recently, new approaches to cartilage tissue 
repair have been proposed. These approaches are 
based on implanting or injecting expanded autotogous 
cells per se into a defect in a patient's cartilage tissue. 
However, it has meanwhile been accepted that the 
majority of the thus implanted cells will not sustain. Also, 
this approach is only feasible for a relatively narrow 
group of patients. 

[0005] Even more recent, it has been proposed in 
EP-A-0 469 070 to use a biocompatible synthetic poly- 
meric matrix seeded with chondrocytes, fibroblasts or 
bone-precursor cells as an implant for cartilaginous 
structures. It is taught that it is essential that the poly- 
meric matrix is formed of fibers or a fibrous mesh in 
order to provide free exchange of nutrients and waste 
products to the cells attached to the matrix. This free 
exchange is described to be particularly relevant in the 
stage after implantation wherein vascularization of the 
implant has not yet taken place. The material used for 
providing the polymeric matrix is a biocompatible syn- 
thetic material. The only specifically mentioned material 
is polyglactin 910, a 90:10 copolymer of glycolide and 
lactide. 

[0006] The present invention aims to provide an 
improved scaffoW for tissue engineering cartilage. It is 
an object to provide an artificial matrix which is highly 
suitable to sen/e as a temporary scaffold for cellular 
growth and implantation of cartilage. The matrix should 
be biodegradable and non-toxic and enable cell growth 



both in vivo and in vitro. It is a further object that the 
scaffold can provide sufficient mechanical strength for it 
to be utilized for cell growth to replace degenerated car- 
tilage in joints, and desirably also to withstand joint load- 
5 ing. it should further be possible to design the scaffold 
such that it is suitable to replace hyaline or elastic carti- 
lage in plastic and reconstructive surgery 
[0007] Surprisingly, it has been found that the 
above objectives are fulfilled by using a porous matrix of 
10 a specific polymeric material as a scaffold for engineer- 
ing cartilage tissue. Thus, the invention relates to the 
use of a biodegradable, biocompatible porous matrix as 
a scaffold for tissue engineering cartilage, which matrix 
is formed of a copolymer of a polyalkylene glycol and an 
IB aromatic polyester. 

[0008] The material used as a scaffold in accord- 
ance with the invention meets all the above require- 
ments for use in cartilage repair or replacement. In 
particular, said material provides superior mechanical 
20 strength so that the scaffold is able to withstand joint 
loading to a degree which is not attainable using a 
fibrous structure. 

[0009] Furthermore, the specific polymeric material 
on which the present scaffold is based has hydrogel 
S5 properties and allows for diffusion through the material 
itself, in addition to diffusion through its porous struc- 
ture. Of course, this feature is highly advantageous 
when cells are seeded onto the scaffold and are cul- 
tured thereon, as it enables a very efficient transport of 
30 nutrient and waste materials from and to the cells. Sec- 
ondly, the material closely mimics Uie structure and 
properties of natural cartilage, which, containing 80% 
water, is also a hydrogel. Furthermore, the swelling 
behavior of the specific polymeric material allows for 
35 optimal fixation of the structure in a defect when it Is 
implanted without cells seeded thereto in vitro. 
[001 0] A matrix to be used as a scaffold in accord- 
ance with the invention is biodegradable and biocom- 
patible. In the context of the present invention, the term 
40 biocompatible is intended to refer to materials which 
may be incorporated into a human or animal body sub- 
stantially without unacceptable responses of the human 
or animal. The term biodegradable refers to materials 
which, after a certain period of time, are broken down in 
45 a biological environment. Preferably, the rate of break- 
down is chosen similar or Identical to the rate at which 
the body generates autogenous tissue providing suffi- 
cient mechanical sfrength to replace the implant of 
which the biodegradable material is manufactured. 
50 [001 1] In accordance with the invention, the matrix 
has a slower rate of degradation in a biotogical environ- 
ment than tiie copolymers of glycolide and lactide which 
are preferred according to the above discussed EP-A-0 
469 070, ensuring mechanical support over the whole 
55 regeneration period in vivo before the extracellular 
matrix synthesized by cells seeded onto the scaffold, or 
by cells of the surrounding tissue present in vivo, takes 
over the mechanical function. 
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[0012] Further, the present matrix is porous (i.e. 
non-fibrous). TTiis means that the matrix is a substan- 
tially homogeneous, solid structure, provided with small 
holes (pores), which enable diffusion of nutrients and 
waste products. As opposed to a fibrous structure, 
which is composed of different elements (fibers), the 
present porous matrix is a continuous structure, sub- 
stantially composed of one element, comprising distinct 
compartments. It is preferred that the pores in the 
present matrix are interconnected. 
[0013] Preferably, the matrix has a macroporosity 
between 30 and 99%, more preferably between 60 and 
95%. The pores in the matrix preferably have a diameter 
of between 0.1 and 2000 ^im, more preferably between 
1 and fOOti urn. iTiemacroporosHyand tHeiJim^^^^ 
the pores will be chosen such that, on the one hand, 
sufficient diffusion of nutrients and waste products can 
take place, and, on the other hand, sufficient mechani- 
cal strength is provided by the matrix. 
[0014] As has been mentioned, the present scaffold 
is formed of a specific class of polymeric materials hav- 
ing hydrogel properties. This is the class of copolymers 
of a polyalkylene glycol and an aromatic polyester. Pref- 
erably, these copolymers comprise 40-80 wt.%, more 
preferably 50-70 wt.% of the polyall<ylene glycol, and 
60-20 wt.%, more preferably 50-30 wt.% of the aromatic 
polyester. A preferred type of copolymers accoixJing to 
the invention is formed by the group of block copoly- 
mers. 

[0015] Preferably, the polyalkylene glycol has a 
weight average molecular weight of from 150 to 4000, 
more preferably of 200 to 1500. TTie aromatic polyester 
preferably has a weight average molecular weight of 
from 200 to 5000, more preferably of from 250 to 4000. 
The weight average molecular weight of the copolymer 
preferably lies between 20,000 and 200,000, more pref- 
erably between 50,000 and 120,000. The weight aver- 
age molecular weight may suitably be determined by gel 
permeation chromatography (GPC). This technique, 
which is known per se, may for instance be performed 
using tetrahydrofuran as a solvent and polystyrene as 
external standard. 

[001 6] In a preferred embodiment, the polyalkylene 
glycol component has units of the formula -OLO-CO-Q- 
C0-, wherein 0 represents oxygen, C represents car- ' 
bon, L is a divalent organic radical remaining after 
removal of terminal hydroxy] groups from a poly(oxy- 
alkyiene)glycol, and Q is a divalent organic radical. 
[0017] Preferred polyalkylene glycols are chosen 
from the group of polyethylene glycol, polypropylene i 
glycol, and polybutylene glycol and copolymers thereof, 
such as poloxamers. A highly preferred polyalkylene 
glycol is polyethylene glycol. 
[001 8] The terms al^ene and polyalkylene gener- 
ally refer to any isomeric structure, i.e. propylene com- 5 
prises both 1,2-propylene and 1,3-propylene, butyiene 
comprises 1,2-butylene, 1,3-butylene, 2,3-butylene, 
1,2-isobutylene, 1,3-isobutylene and 1,4-isobutylene 



(tetramethylene) and similarly for higher alkylene homo- 
togues. The polyalkylene glycol component is preferably 
terminated with a dicarboxyllc acid residue -CO-Q-CO-, 
if necessary to provide a coupling to the polyester com- 
5 ponent. Group Q may be an aromatic group having the 
same definition as R, or may be an aliphatic group such 
as ethylene, propylene, butyiene and the like. 
[0019] The polyester component preferably has 
units -0-E-0-CO-R-CO-, wherein 0 represents oxygen, 
10 C represents carbon, E is a substituted or unsubstituted 
alkylene or oxydialkylene radical having from 2 to 8 car- 
bon atoms, and R is a substituted or unsubstituted diva- 
lent aromatic radical. 

[0020] In a preferred embodiment, the polyester is 
IS chosen from the group of polyethylene terephtalate, 
polypropylene terephtalate, and polybutylene terephta- 
late. A highly preferred polyester is polybutylene 
terephtalate. 

[0021 ] It is believed that the use of a copolymer of 
so polyethylene glycol, having a weight average molecular 
weight of between 800 and 1200 (preferably 1000) and 
polybutylene terephtalate in a weight ratio of between 
65 to 35 and 75 to 25 (preferably 70 to 30) may lead to 
a faster proliferation of cells, such as chondrocytes, 
25 seeded on a scaffold Of said copolymer. 

[0022] The preparation of the copolymer will now be 
explained by way of example for a polyethylene gly- 
col/polybutylene terephtalate copolymer. Based on this 
description, the skilled person will be able to prepare 
30 any desired copolymer within the above described 
dass. An alternative manner for preparing polyalkylene 
glycol/^jolyester copolymers is disclosed in US-A- 
3,908,201. 

[0023] A polyethylene glycol/polybutylene terephta- 

35 late copolymer may be synthesized from a mixture of 
dimethyl terephtalate, butanedtol (in excess), polyethyl- 
ene glycol, an antioxidant and a catalyst. The mixture is 
placed in a reaction vessel and heated to about ISO^C, 
and methanol is distilled as transesterification pro- 

40 ceeds. During the transesterification, the ester bond 
with methyl is replaced with an ester bond with butyiene. 
In this step the polyethyene glycol substantially does not 
react. After transesterification, the temperature is raised 
slowly to about 245°C, and a vacuum (finally less than 

is 0.1 mbar) is achieved. The excess butanediol is distilled 
and a prepolymer of butanediol terephtalate condenses 
with the polyethylene glycol to form a polyethylene/poly- 
butylene terephtalate copolymer. A terephtalate moiety 
connects the polyetiiylene glycol units to the polybuty- 

'0 lene terephtalate units of the copolymer and thus such 
copolymer also is sometimes refen-ed to as a polyethyl- 
ene glycol terephtalate/polybutylene terephtalate copol- 
ymer (PEGT/PBT copolymer). 
[0024] A porous sh-ucture of the polymeric material 

5 may be obtained by any known method, such as salt 
leaching or sintering. In principle, any combination of 
techniques, such as phase inversion, freeze drying and 
salt leaching may be used. 
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[0025] In a salt leaching procedure, the scaffold 
material may be subjected to a solvent casting proce- 
dure, wherein a substrate is formed by liquefying the 
material in a suitable solvent containing salt particles 
having a suitable particle size to acquire the desired 
pore size. The salt/polymer solution may then be cast 
on a plate using a substrate-casting apparatus fixed at a 
certain height finally leading to the desired thickness of 
the structure to be formed. The salt particles are then 
leached out of the copolymer by washing with, for 
instance (distilled) water. 

[0026] It is also possible to use a viscous polymer 
gel in the salt leaching procedure, instead of a poly- 
meric solution, in that case, the first step of the proce- 
dure is the preparation of a relatively concentrated 
polymer solution (preferably comprising at least 50 wt.% 
of the polymer) at elevated temperatures, such as from 
60 to 120''C. Preferred solvents have a relatively high 
boiling point, and are miscible with water. An example of 
a solvent which has been found to particular good 
results is N-methylpyrrolidone. In the second step of the 
procedure, salt particles are added to the polymer solu- 
tion. Subsequently, the solution is transferred into a 
mould, having the desired shape and size of the scaffold 
to be formed, and is cooled to room temperature. Upon 
cooling, a stable polymer gel is formed. Placement of 
the gel in demineralized water leads to removal of the 
solvent and the salt, resulting in a stable porous mate- 
rial. 

[0027] In a sintering procedure, the scaffold mate- 
rial may be placed into a mold and subsequently heated 
under pressure to a temperature below the melting point 
of the material. Releasing the pressure and cooling the 
material yields a sintered product. The sidiled person 
may, based on his general knowledge, adapt the condi- 
tions during the sintering procedure such that the 
desired porous structure is obtained. 
[0028] Yet another advantage of the specific poly- 
meric material of which the present scaffold is formed is 
that it is possible to incorporate bioactive agents in said - 
material, which agents are slowly released upon degra- 
dation of the material in vivo. In this regard, reference is 
made to the US patent 5.980,948, the contents of which 
are incorporated herein by reference. 
[0029] In a preferred embodiment, the outer surface ^ 
of the scaffold is partly or completely provided with a 
ceramic coating. Preferably, the ceramic coating is a 
calcium phosphate coating. It has been found that the 
presence of a ceramic coating is highly beneficial to the 
attachment of ceils to the scaffold. The calcium phos- 
phate may be applied to the polymeric material by soak- 
ing said material into a highly concentrated calcifying 
solution at low temperature. The calcifying solution is 
preferably composed of at least calcium and phosphate 
ions, and optionally of magnesium, carbonate, sodium 
and chloride ions, which are dissolved into water by 
bubbling carbon dioxide gas. During the natural release 
of carbon dioxide gas or its exchange with air, the pH of 



the calcifying solution is increased and the saturation is 
raised until the nucleation of carbonated calcium phos- 
phate crystals on the surface of the scaffold. The proc- 
ess of bubbling / releasing CO2 gas through or from the 
calcifying solutron can be repeated until a sufficient 
thickness of the coating has been reached. In general, 
the thickness of the ceramic layer will be between 0.1 
and 20 pm. It is preferred, that the ceramic coating is 
designed such that it has its beneficial effect during the 
seeding of ceils onto the scaffold, and during the subse- 
quent in vitro culturing of said cells. It is further pre- 
fen-ed, that, by the time the scaffold is to be implanted 
into a patient's body, the ceramic coating has substan- 
tially disappeared. This may for instance be accom- 
pfisHii trough the presence of the cells or culture 
medium, e.g. by dissolution. 
[0030] Under certain conditions, particularly when 
the scaffold is intended to be used in the treatment of 
full-thickness cartilage defects, comprising cartilage as 
20 well as bone, it has been found advantageous to use a 
composite scaffold comprising a first part which has an 
outer surface of a polymeric material, of the above dis- 
cussed type, and second part which has an outer sur- 
face of a ceramic material. The composite matrix 
ss preferably is a two-layer system, wherein the ceramic 
part mimics the function of bone, and the polymeric part 
mimics the function of cartilage. Thus, the composite 
matrix mimics the nature of both cartilage and bone tis- 
sue. Furthermore, the ceramic outer surface facilitates 
30 adhesion of cells to the scaffold both in vitro and in vivo. 
[0031 ] The first part of the composite matrix, is pref- 
erably substantially in its entirety formed of a copolymer 
of the above discussed type. The second part of the 
composite matrix may be substentially completely 
35 formed of a ceramic material. Examples of suitable 
ceramic materials include calcium phosphate, calcium 
carbonates, and sodium calcium phosphates. Particu- 
fariy suitable ceramic materials are chosen from the 
group of octacalcium phosphate, apatites, such as 
40 hydroxyapatite and carijonate apatite, whitlocWtes, such 
as a-tricalcium phosphate, p-tricalcium phosphate, 
sodium calcium phosphate, and combinations thereof. It 
is also possible that the second part is formed of a dif- 
ferent material, but coated with a ceramic material as 
4s set forth herein above. The said different material may 
be any type of polymeric material, preferably the above 
discussed copolymer of a polyalkylene glycol and an 
aromatic ester, or another suitable material, such as 
Bioglass or a glass-ceramic. 
so [0032] In a preferred embodiment, a dense layer, 
preferably of the above discussed copolymer of a poly- 
alkylene glycol and an aromatic ester, is applied 
between the polymeric and ceramic parts to avoid 
movement of cells from one part to the other. 
ss [0033J The composite may be prepared in any suit- 
able manner, for instance by providing a mould having 
the desired shape of the composite scaffold. The 
ceramic part of the composite, which is prepared sepa- 
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rately, may be placed in the mould, and the polymeric 
layer may be cast on top of the ceramic part, e.g. by 
injection moulding. It is also possible to apply the poly- 
meric part in the form of a polymer-salt solution, which 
is used in the above described salt leaching procedure 5 
for achieving the desired porosity. Optionally, the dense 
layer may be applied onto the ceramic part first. A good 
attachment is obtained between the ceramic and poly- 
meric parts of the composite as the polymeric material 
will invade the pores of the ceramic part to some extent w 
during injection moulding. 

[0034] A scaffold based on a biodegradable, bio- 
compatible, porous matrix as described above, which is 
of course also encompassed by the present invention, 
may be used In tissue engineering cartiiage with or with- 15 
out cells seeded thereon in vitro. The scaffold may be 
processed to have a particular desired form in any 
known manner. The matrix being formed of a polymeric 
material having hydrogel properties, the swelling behav- 
ior or the scaffold allows for swell fixation of the implant so 
in a defect in cartilage tissue into which it is implanted. 
This swell fixation Is specifically advantageous when the 
scaffold is implanted cell free. The extent of swelling can 
suitable be controlled by adjusting the composition of 
the polymeric material. 2b 
[0035] In a preferred embodiment, the scaffold is 
seeded with cells prior to its implantatfon. The ceils may 
be any type of cells commonly occurring in natural car- 
tilage or any type of cells capable of differentiating into 
cells commonly occurring in natural cartilage. Preferred 30 
cell types are chondrocytes, borie-precursor cells, stem 
cells, and cells of periosteum or perichondrium tissues. 
These cells may also be used in their crude form, e.g. in 
the form of bone marrow, comprising more than one cell 
type or even extracellular matrix. It is further preferred 35 
that the cells are autologous cells, thus minimizing, or 
even excluding, the chance of rejection responses in or 
disease transmisston (e.g. HIV) to the patient treated 
with the present scaffold. 

[0036] The seeding may be carried out in any 40 
known manner, for instance by static seeding. It is pre- 
ferred, however, that the cells are seeded dynamically 
as has been described in co-pending European patent 
application 98203774.9, which is incorporated herein by 
reference. Subsequent to the seeding process, the cells 45 
are preferably cultured in vitro, allowing for a sufficient 
degree of proliferation and/or differentiation of the cells. 
The period required for culturing may vary broadly and 
range between one hour and several months, depend- 
ent on the number of seeded cells and the size of the so 
implant required. 

[0037] The invention further relates to the use of the 
above scaffold as a medical implant in cartilage repair. 
This use may specifically apply in cases of damaged 
cartilage in a patient as a result of inflammation, trauma, ss 
aging, or wherein the cartilage is congenitally defective. 
[0038] The invention will now be eluddated by the 
following, non-restrictive example. 



EXAMPLE 

[0039] Human chondrocytes were isolated from 
articular cartilage and seeded on a porous Polyaclive 
scaffold (55/45(300), 1.55 cm diameter, 300 urn thick 
discs, macroporosity 75%). The chondrocytes were 
dynamically seeded onto the scaffold for 24 hours and 
cultured for 20 days in flasks using a magnetic stirrer at 
45 rpm. Thus, both the seeding and the culturing were 
performed under dynamic conditions. The culture 
medium comprised Dulbecco's modified Eagle medium 
(DMEM) containing 4.5 g/L glucose, 584 mg/L 
glutamine, 10% Fetal Bovine Serum (F, 50 U/mL penicil- 
lin), 50 lig/mL streptomycin, 10 mM N- 
2hydroxyethylpiperazine N'-2-ethanesulfonic acid 
(HEPES), 0.1 miVI non-essential amino acids, 0.4 mM 
proline and 50 ng/mL ascorbic acid. 
[0040] Samples were taken for SEM (Scanning 
Electron Microscopy) and LM (Light Microscopy) analy- 
sis 3, 10 and 20 days after seeding. After 3 days, both 
SEM and stereo LM (allowing for 3-dimensionaI analy- 
sis) showed pronounced cell attachment and ingrowth. 
After 20 days, homogeneous cell distribution within the 
matrix and ECM formation were obsen/ed. 

Claims 

1. Use of a biodegradable, biocompatible, porous 
mati-ix as a scaffold for tissue engineering cartilage, 
which matrix is formed of a copolymer of a poly- 
alkylene glycol and an aromatic polyester. 

2. Use according to claim 1, wherein the scaffold is 
provided with chondrocytes, bone-precursor cells, 
stem cells, or cells of periosteum or perichondrium 
tissue. 

3. Use according to claim 1 or 2, wherein the poly- 
meric material is a copolymer of polyethylene glycol 
and poly(butyleneterephtalate). 

4. Use according to any of the preceding claims, 
wherein the matrix comprises a calcium phosphate 
coating. 

5. Use according to any of the preceding claims, 
wherein the matrix is a composite comprising a first 
part which has an outer surface of a polymeric 
material, and a second part which has an outer sur- 
fece of a ceramic material. 

6. Use according to claim 5, wherein the ceramic 
material is a calcium phosphate coating or chosen 
from ttie group of octacalcium phosphate, apatites, 
such as hydroxyapatite and carbonate apatite, whit- 
lockites, such as a-tricafoium phosphate, p-ti'ical- 
cium phosphate, sodium calcium phosphate, and 
combinations thereof. 
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